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The colonization of intestinal and systemic tissues by Salmonella enterica serovars with different host
specificities was determined 7 days after inoculation of 1 to 2-month-old lambs. Following oral inoculation, S.
enterica serovars Abortusovis, Dublin, and Gallinarum were recovered in comparable numbers from the
intestinal mucosa, but serovar Gallinarum was recovered in lower numbers than the other serovars from
systemic sites. The pattern of bacterial recovery from systemic sites following intravenous inoculation was
similar. The magnitude of intestinal invasion was evaluated in ovine ligated ileal loops in vivo. Serovars Dublin
and Gallinarum and the broad-host-range Salmonella serovar Typhimurium were recovered in comparable
numbers from ileal mucosa 3 h after loop inoculation, whereas the recovery of serovar Abortusovis was
approximately 10-fold lower. Microscopic analysis of intestinal mucosae infected with serovars Typhimurium
and Dublin showed dramatic morphological changes and infiltration of inflammatory cells, whereas mucosae
infected with serovars Abortusovis and Gallinarum were indistinguishable from uninfected mucosae. Together
these data suggest that Salmonella serovar specificity in sheep correlates with bacterial persistence at systemic
sites. Intestinal invasion and avoidance of the host’s intestinal inflammatory response may contribute to but
do not determine the specificity of serovar Abortosovis for sheep. Intestinal invasion by serovar Abortusovis
was significantly reduced after mutation of invH but was not reduced following curing of the virulence plasmid,
suggesting that the Salmonella pathogenicity island 1 influences but the virulence plasmid genes do not

influence the ability of serovar Abortusovis to invade the intestinal mucosa in sheep.

Serovars of Salmonella enterica subspecies I are associated
mainly with warm-blooded vertebrates and are responsible for
most Salmonella infections in humans and domesticated ani-
mals. Salmonella serovars differ in the range of hosts they can
infect and in the nature of disease that may result; this differ-
ence is referred to as serovar-host specificity. Some Salmonella
serovars, for example, Typhimurium and Enteritis, can infect a
wide range of hosts and are termed ubiquitous. They are usu-
ally associated with a relatively mild enteric disease, although
in some hosts, such as mice, the disease can be systemic and
severe. Other serovars are very restricted in their host range,
causing severe systemic disease in only one host. For example,
Salmonella serovar Typhi is restricted to infections in humans
and Salmonella serovar Abortusovis to infections in sheep (8,
24). A third group of serovars is associated predominately with
disease in one species but may also infect a limited number of
other hosts. For example, Salmonella serovar Dublin is usually
associated with cattle, but natural infection by this serotype
may also occur in other animals, including humans and sheep
(15, 28). The nature of disease associated with this third group
of serovars is variable, depending on the specific combination
of serovar and host, although in the predominant serovar-host
combination the disease is usually systemic.

Ovine salmonellosis may occur with a range of different
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symptoms of variable severity, depending mainly on the par-
ticular serovar involved (15). Serovars Abortusovis, Dublin,
and Typhimurium, which each have different degrees of host
restriction, are associated with disease in sheep (15). Serovar
Abortusovis is the most common causative agent of ovine sal-
monellosis in southern Europe (14, 15). Infection becomes
clinically evident with abortion in the last 6 weeks of pregnancy
in the absence of other clinical symptoms (14). After abortion,
salmonellae can be isolated from the vaginal discharge for up
to a week. Infected ewes may also deliver weak lambs that
quickly die or lambs may be born that are apparently healthy
but suddenly become ill and die in the first few days of life, with
lesions typical of pneumonia (15).

Serovar Dublin can cause both enteritis and abortion in
adult sheep, and the disease is often associated with metritis,
anorexia, and loss of wool (11, 15). Newborn lambs may expe-
rience enteritis with a high mortality rate. It has been possible
to infect sheep experimentally with serovar Dublin by the oral
route, and this procedure has resulted in enteric disease and
systemic dissemination of salmonellae (22). Abortion occurred
following inoculation with large doses of inocula and was al-
ways associated with death of the ewe. Serovar Typhimurium
can also cause disease in sheep, and infected animals show
general malaise, with enteritis and death (15). Serovar Typhi-
murium is not associated with abortion in sheep (15).

The biological basis of Salmonella serovar-host specificity
remains unclear, largely due to the paucity of information on
the pathogenesis of host-restricted Salmonella serovars in an-
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imal species other than mice. The ability of Salmonella to enter
and/or persist in intestinal mucosa has been implicated in re-
sistance of mice to infection with serovars Gallinarum and
Typhi (25). However, in pigs and cattle the magnitude of in-
testinal invasion does not correlate with the specificity of se-
rovars Choleraesuis and Dublin (5). Serovar-host specificity for
mice has also been correlated to bacterial survival within mac-
rophages (21, 31), whereas in pigs there is no such correlation
(36).

Two virulence gene clusters, Salmonella pathogenicity island
1 (SPI-1) and the spv genes, influence Salmonella intestinal
invasion and persistence in vivo, respectively. SPI-1 encodes a
type III secretion system that translocates secreted effector
proteins into the cytoplasm of host cells. These effector pro-
teins, including SopE, SopE2, and SptP, induce cytoskeletal
rearrangements resulting in bacterial internalization in vitro
(reviewed in 32). Mutation of SPI-1 reduces the intestinal
invasiveness and enteropathogenesis of serovars Typhimurium
and Dublin in bovine ligated ileal loops (10, 35) and serovar
Typhimurium virulence in orally inoculated calves (29, 34).
Although SPI-1 has been shown to be required for full viru-
lence of serovar Typhimurium in orally inoculated mice, its
role in pathogenesis of other serovar-host combinations is rel-
atively unknown. The spv operon is located in the virulence
plasmid of several Salmonella serovars, including Abortusovis,
Typhimurium, Dublin, Choleraesuis, and Gallinarum but not
Typhi (26). The role of spv in pathogenesis remains poorly
understood. The spv operon has a profound impact on the
virulence of serovars Typhimurium and Dublin for mice and it
influences the net growth of Salmonella serovars in an intra-
cellular niche in mice (12). The role of spv in Salmonella-
induced enteritis is less clear. In cattle, a virulence plasmid-
cured strain of serovar Dublin was attenuated for systemic but
not enteric salmonellosis, and it was fully invasive and enter-
opathogenic in bovine ligated ileal loops (33). However, an
spvR mutant of serovar Dublin was attenuated for both enteric
and systemic disease in calves (20), whereas an spvR mutant of
serovar Typhimurium was fully virulent (29). The reasons for
these conflicting observations are not clear. The virulence plas-
mid also encodes other potential virulence factors, including
plasmid-encoded fimbriae (9). Plasmid genes have been impli-
cated in influencing the invasiveness of serovar Gallinarum in
chickens (3). The virulence plasmid of serovar Abortusovis
influences the virulence of this serovar for mice (30). However,
the contributions of SPI-1 and the virulence plasmid genes to
the interaction of serovar Abortusovis with ovine intestinal
mucosa are not known.

To gain insights into the biological basis of Salmonella se-
rovar specificity in sheep, the pathogenesis of Salmonella se-
rovars with different degrees of host restriction was evaluated
in experimentally infected lambs. The virulence of serovars
Abortusovis, Dublin and Gallinarum was correlated with inva-
sion in a quantitative ovine intestinal invasion model in vivo.
The involvement of SPI-1 and virulence plasmid genes in in-
testinal invasion was also determined.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains used in this study are listed in Table 1.
Serovar Gallinarum strains G9 and J91 were kindly provided by J. E. Olsen
(Royal Veterinary and Agricultural University, Copenhagen, Denmark). Serovar
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TABLE 1. Bacterial strains used in this work

Salmonella

. Source
serovar and strain

Description

Typhimurium
4/74 Wild-type isolate 16

4/74 InvH invH201::TnphoA derivative of 4/74 35
Abortusovis

15/5 Wild-type isolate 19

SS44 Wild-type isolate 6

SU40 Plasmid-cured derivative of SS44 30

SS44 InvH invH201::TnphoA derivative of SS44  This study
Dublin

SD2229 Wild-type isolate 33

SD3246 Wild-type isolate 35
Gallinarum

G9 Wild-type isolate J. E. Olsen

J91 Wild-type clinical isolate J. E. Olsen

Abortusovis strain 15/5 was kindly provided by F. Lantier (Institut National de la
Recherche Agronomique, Tours-Nouzilly, France). Several of the strains used in
this study have been extensively characterized in many different types of viru-
lence assays and in comparison to other strains of the same serovar and appear
to be good representative strains for their serovar (2, 3, 5, 33, 36). The strains
were maintained as frozen cultures until use. For DNA recombination and
genetic analysis, bacteria were grown in Luria-Bertani (LB) medium. P22
HT105/1 was used to transduce a mutation in invH from serovar Typhimurium
4/74 InvH to serovar Abortusovis SS44, as described previously (35). Strain 4/74
InvH carries a TnphoA insertion within invH that has been previously isolated
and characterized in our laboratory (35).

Infection of lambs. One- to two-month-old Berrichon crossbred lambs, with no
cultural or serological evidence of Salmonella, were used. Groups consisting of
two or three lambs each were infected orally with approximately 5 X 10* CFU or
intravenously with approximately 5 X 10° CFU of each serovar. Inocula were
obtained by growing the strains at 37°C statically for 18 h. For oral inoculation,
the bacterial suspensions (1 ml) were mixed with an antiacid solution [5%
(wt/vol) Mg(SiO3)3, 5% (wt/vol) NaHCOs3, 5% (wt/vol) MgCO;] and were ad-
ministered orally to animals immediately before the morning feeding. The Sal-
monella strains were able to survive in the antiacid solution for up to 60 min (data
not shown). The lambs were monitored by recording the rectal temperature and
checking for the presence of diarrhea every 24 h. At 7 days postinfection, the
animals were killed by pentobarbitone overdose. Samples of approximately 1 g
each were taken in triplicate from of the all sites analyzed. The systemic samples
were taken first to avoid contamination with the intestinal contents. The luminal
surfaces of the intestinal samples were washed thoroughly with sterile phosphate-
buffered saline (PBS) to remove nonadherent bacteria. Tissues were homoge-
nized, and dilutions were plated out in modified brilliant green agar plates (Difco
Laboratories, Detroit, Mich.) in triplicate.

Ovine ileal loop invasion assay. This assay was based on an intestinal invasion
assay developed in calves (35). Four to five-month-old ewes were anesthetized
with pentobarbitone (0.44 mg/kg) for the duration of the experiment. The ab-
dominal wall was opened with a midline incision, the distal ileum was exterior-
ized, and the lumen was flushed with PBS. Loops 9 cm in length were constructed
with 1-cm spaces using braided surgical silk. Loop inocula were prepared as
follows. Log-phase Salmonella cells were harvested by centrifugation (2,500 X g
at 4°C for 10 min) and resuspended in 10 ml of LB broth. Nine milliliters of
Salmonella suspension containing approximately 10° CFU was injected into each
loop. Sterile LB broth was used as a negative control. Loops were again exteri-
orized at 1 h postinoculation, and 5 ml of solution GC/Tem10 (1, 35) containing
300 g of gentamicin per ml was injected. When the medium was diluted with the
loop contents, the working concentration of gentamicin was approximately 150
png/ml. The loops were returned to the abdominal cavity, and the wound was
repaired. After a further hour the ileum was exteriorized, and the individual
loops were cut out. The animal was killed by an overdose of pentobarbitone.
Loops were opened longitudinally and placed in approximately 50 ml of ice-cold
GC/Tem10 solution to dilute the gentamicin. The tissue was gently washed with
saline, and six circular biopsies, each of 6-mm radius, were removed from the
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FIG. 1. Rectal temperatures of lambs following oral inoculation
with 5 X 10® CFU of Salmonella serovars Abortusovis (closed circles),
Dublin (closed squares), or Gallinarum (open triangles). Each datum
point is the mean of temperatures from five animals plus or minus the
standard error of the mean (SEM).

central area of the loop. Three of these samples contained Peyer’s patches. Each
of the biopsies was placed in 3 ml of PBS containing 1% Triton X-100 and
homogenized, and counts of the viable bacteria were performed as described
above. The stringency of the ligated ileal loop assay has been addressed previ-
ously using a noninvasive strain of Escherichia coli, and it is predicted that the
gentamicin treatment will kill between 90 and 99% of extracellular bacteria (5,
35).

Microscopic analysis. The ligated loops were fixed in situ by injecting 5 ml of
0.1 M phosphate-buffered 2.5% glutaraldehyde (pH 7.5). Samples were postfixed
in 1% OsO, for 45 min, dehydrated through graded ethanol solutions, and
embedded and sectioned in epoxidic resin. The sections were stained with he-
matoxylin and eosin and examined in a blinded fashion with an Axioscope Zeiss
microscope.

Statistical analysis. For all statistical analyses, the viable bacteria count data
were normalized by logarithmic transformation. P values of less than 0.05 were
considered significant. A one-way analysis of variance was carried out on the cell
invasion assays to compare all strains and their mutants, using Minitab statistical
software (Minitab Inc., State College, Pa.). In the event of a significant differ-
ence, a Student’s ¢ test was applied. Analysis of the intestinal loop assays was
performed with the SAS statistical package (SAS Institute Inc., Cary, N.C.). The
data were treated as appropriate for a split plot, and the analysis took into
account the variation between sheep.
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RESULTS

Virulence of different Salmonella serovars following oral in-
oculation of lambs. The virulence of Salmonella serovars Abor-
tusovis, Dublin, and Gallinarum was assessed by orally inocu-
lating lambs with approximately 5 X 10® CFU of each serovar.
All three serovars induced increases in rectal temperatures in
the infected lambs, but these increases were of various sever-
ities. Serovar Dublin induced a high and prolonged increase in
temperature, whereas the temperature of lambs infected with
serovar Gallinarum had returned to normal by 3 days postin-
oculation (Fig. 1). Serovar Abortusovis elicited lower rectal
temperatures than serovar Dublin, and by the end of the ex-
periment the temperatures in animals infected with serovar
Abortusovis were similar to those detected in the animals in-
fected with serovar Gallinarum (Fig. 1). None of the infected
animals experienced diarrhea.

Seven days after inoculation, all three serovars were recov-
ered from each of the intestinal mucosal tissues in comparable
numbers (Fig. 2). Serovars Dublin and Abortusovis were re-
producibly recovered in higher numbers than serovar Gallina-
rum from the various mesenteric lymph nodes (MLNs). Sero-
var Gallinarum was not recovered from liver tissue, and its
recovery from spleen tissue was in significantly lower amounts
than that of serovars Dublin and Abortusovis (P = 0.02 and
P = 0.03, respectively). Taken together, these data suggest that
although serovar Gallinarum is able to colonize ovine intesti-
nal tissues, it is unable to establish a systemic infection in
lambs.

Virulence of different Salmonella serovars following intrave-
nous inoculation of lambs. To evaluate whether the extent of
Salmonella colonization of the ovine intestine might affect sub-
sequent bacterial systemic dissemination, the virulence of the
different Salmonella serovars was assessed after intravenous
(i.v.) inoculation. Lambs were inoculated with 5 X 10° CFU,
and the recovery of bacteria at intestinal and systemic sites was
enumerated at 7 days postinfection.

Serovars Dublin and Abortusovis induced a rapid increase in
rectal temperature, which peaked at 2 days postinoculation
(Fig. 3). Serovar Gallinarum induced a mild and transient
increase in rectal temperature. Two of five, one of five, and

n

Colon

lleum Caecum Spleen Liver

mesenteric lymph nodes systemic sites

FIG. 2. Recovery of Salmonella serovars from intestinal walls, MLNs, and systemic sites of lambs infected orally with 5 X 10® CFU of
Salmonella serovars Dublin (black bars), Abortusovis (grey bars), and Gallinarum (white bars). Each bar represents the mean of triplicate samples
from five animals = SEM. Recovery of serovar Gallinarum from spleen was significantly lower than that of Salmonella serovars Dublin (P = 0.02)

and Abortusovis (P = 0.03).
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FIG. 3. Rectal temperatures of lambs inoculated i.v. with 5 X 10°
CFU of Salmonella serovars Abortusovis (closed circles), Dublin
(closed squares) or Gallinarum (open triangles). Each datum point
represents the mean of five animals + SEM.

none of five of the animals infected with serovars Dublin,
Abortusovis, and Gallinarum, respectively, experienced diar-
rhea and fecal shedding of the corresponding serovar.
Bacterial recovery of Salmonella serovars from the intestinal
mucosae was more variable and these bacteria were in lower
numbers than those recovered from orally inoculated lambs
(data not shown), with the exception of serovar Abortusovis in
the ileal wall (4.0 = 1.8 log,, CFU/g of tissue). Serovar Dublin
colonized the MLNSs, draining all regions of the intestines.
Serovars Abortusovis and Gallinarum were recovered from
ileal and caecal lymph nodes only; serovar Gallinarum was
recovered in the lowest numbers, but there were no significant
differences between the three serovars (P > 0.05) at these sites
(Fig. 4). Serovar Abortusovis was recovered in higher numbers
than serovar Dublin from all systemic sites, but this difference
was not statistically significant (P > 0.05). It is interesting that
serovar Gallinarum was not recovered from any systemic site

(Fig. 4).
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FIG. 5. Relative invasiveness of Salmonella serovars Typhimurium
(strain 4/74), Dublin (strain SD2229), Abortusovis (strain SS44), and
Gallinarum (strain G9) in ovine ileal loops; each bar represents the
mean from 21, 12, 21, and 12 loops tested = SEM, respectively. Three
samples were analyzed from each loop.

Intestinal invasion of different Salmonella serovars in ovine
ligated ileal loops. To evaluate the role of intestinal coloniza-
tion in the pathogenesis of ovine salmonellosis, the invasive-
ness of serovars Abortusovis (strain SS44), Dublin (strain
SD2229), and Gallinarum (strain G9) was assessed in ovine
ligated ileal loops. Serovar Typhimurium strain 4/74 was in-
cluded to allow comparison to the established bovine ligated
ileal loop assay. Three hours after inoculation of loops, intra-
cellular bacteria were enumerated with a gentamicin protec-
tion assay (Fig. 5). The invasiveness of serovar Typhimurium
was comparable to that of serovars Dublin and Gallinarum (P
= 0.353 and 0.653, respectively). In contrast serovar Abortuso-
vis was recovered in significantly lower numbers than the other
serovars (P < 0.001) (Fig. 5). Similar levels of invasiveness
were observed following inoculation of loops with serovar
Abortusovis strain 15/5 (5.67 = 0.10 CFU/ml), serovar Dublin
strain SD3246 (6.23 = 0.03 CFU/ml; P = 0.002 versus 15/5),
and serovar Gallinarum strain J91 (6.05 = 0.09 CFU/ml; P =
0.02 versus 15/5). Each strain was tested in triplicate.

The role of SPI-1 and the virulence plasmid genes in influ-
encing serovar Abortusovis invasion of the ovine intestinal
mucosa was evaluated. Wild-type and invH mutants of serovars
Typhimurium strain 4/74 and Abortusovis strain SS44 and a
plasmid-cured strain (SU40) of serovar Abortusovis SS44 were
inoculated into ovine ileal loops. Both serovars Typhimurium

Recovery of salmonella (log,, CFU g)
[4,]
o

Duodenum lleum Caecum Colon

mesenteric lymph nodes

Lung BLN Liver HLN

systemic sites

FIG. 4. Recovery of Salmonella serovars from MLNs and systemic sites of lambs infected i.v. with 5 X 10° CFU of Salmonella serovars Dublin
(closed bars), Abortusovis (stippled bars), and Gallinarum (open bars). BLN, bronchial lymph node; HLN, hepatic lymph node. Each bar

represents the mean of triplicate samples from five animals = SEM.
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FIG. 6. Relative levels of invasiveness of Salmonella serovars Ty-
phimurium (strains 4/74 and 4/74 InvH) and Abortusovis (strains SS44,
SS44 InvH, and plasmid-cured SU40) in ovine ileal loops. The bars
represent the mean bacterial recoveries from nine loops tested *
SEM. Three samples were analyzed from each loop. SS44 versus SS44
InvH, P = 0.002; SS44 versus SU40, P = 0.4006; 4/74 versus 4/74 InvH,
P < 0.001.

InvH (P < 0.001) and Abortusovis InvH (P = 0.002) were
recovered in significantly lower numbers than their respective
wild-type strains, showing that invasion of ovine intestinal ep-
ithelium was mediated by a SPI-1-dependent mechanism (Fig.
6). The wild-type and the plasmid-cured strains of serovar
Abortusovis were recovered in similar numbers, demonstrating
that the virulence plasmid genes did not influence intestinal
invasion (P = 0.406) (Fig. 6).

Histological analysis of Salmonella-infected ovine ileal mu-
cosa. Morphological changes induced by the different Salmo-
nella serovars were assessed by microscopic analysis of sections
of infected ileal mucosa stained with hematoxylin and eosin.
Within 3 h of loop inoculation, serovars Dublin (SD2229) and
Typhimurium (4/74) induced considerable villous atrophy, with
associated extrusion of enterocytes and infiltration of inflam-
matory cells into the submucosa and epithelium (Fig. 7C and
E). The architecture of mucosa from loops infected with sero-
vars Abortusovis (SS44) and Gallinarum (G9) was intact (Fig.
7B and D) and indistinguishable from that of uninfected con-
trol loops (Fig. 7A). The invH mutation reduced the severity of
the damage induced by serovar Typhimurium (Fig. 7F). Hys-
tological analysis of ovine ileal mucosa infected with strains
15/5, SD3246, and J91 showed morphological changes that
were identical to those observed with strains SS44, SD2229,
and G9, respectively (data not shown).

Taken together, these results suggest that the relative inva-
siveness of serovars Dublin, Abortusovis, Gallinarum, and Ty-
phimurium does not correspond to their ability to cause patho-
logical changes in the ovine intestinal mucosa and that other
factors, independent of Salmonella internalization, are in-
volved in the disease process.

DISCUSSION

We have investigated the pathogenesis of different Salmo-
nella serovars, possessing different degrees of host restriction,
in order to evaluate the basis of serovar-host specificity in
sheep. Young animals (lambs) were used because they are
more susceptible than adult sheep to symptomatic salmonel-
losis following inoculation with serovars Abortusovis and Dub-
lin (15). Infection of lambs with serovar Abortusovis resulted
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in symptoms of salmonellosis, including an increase in temper-
ature and bacterial dissemination to systemic tissues. This find-
ing confirms the association of serovar Abortusovis with sheep
and the virulence of the strain chosen for study. Serovar Galli-
narum caused relatively mild disease, which confirmed its lack
of association with sheep, despite the fact that the same strain
is virulent in chickens (3). Serovar Dublin was virulent in
sheep, confirming its association with ovine salmonellosis.

The apparent specificity of a serovar for a particular host or
range of hosts as defined by epidemiological data is influenced
not only by bacterial virulence but also by the ability of the
serovar to circulate within the population of the host. It has
been proposed that the specificity of a serovar for one host may
be unrelated to its degree of virulence in other hosts (18). The
characterization of the host range of serovar Dublin, which is
virulent in cattle (33) and sheep (22; this study) but is relatively
avirulent in pigs (36) and chickens (P. A. Barrow, P. Wigley,
and M. Jones, personal communication), demonstrates that
there is a correlation between its virulence in a range of hosts
and the incidence of natural disease in these hosts. This finding
certainly does not prove that virulence is the only factor de-
termining serovar-host specificity, but it illustrates that viru-
lence may be important and justifies our experimental ap-
proach, i.e., determining why S. enterica serovars differ in their
virulence for different hosts as a means of increasing our un-
derstanding of serovar-host specificity.

The ability of S. enterica serovars to invade and/or persist
within the ovine intestinal mucosa did not correlate with their
degree of virulence for sheep. Orally inoculated serovar Galli-
narum showed considerable colonization of ovine intestinal
tissues 7 days after oral inoculation and was recovered from
ovine ligated ileal loops in greater numbers than serovar Abor-
tusovis despite its inability to cause disease in sheep. Further-
more, serovar Abortusovis was recovered in significantly lower
numbers than serovar Dublin from ileal loops, despite being as
virulent as serovar Dublin in orally inoculated sheep. Serovar
Dublin but not serovars Abortusovis or Gallinarum induced an
inflammatory response and dramatic changes in villus archi-
tecture. This differential induction of damage has implications
for the interpretation of the recovery data, as discussed previ-
ously (5). It is probable that the recovery of serovar Dublin was
reduced by shedding of infected enterocytes and the uptake of
gentamicin by damaged tissue. It is therefore possible that the
difference between serovars Dublin and Abortusovis is greater
than that measured and that serovar Dublin is relatively more
invasive than serovar Gallinarum. Since, neither serovar Galli-
narum nor Abortusovis induced damage to the intestines, the
lower number of serovar Abortusovis cells recovered is prob-
ably an accurate reflection of its relative invasiveness. A lack of
correlation between the magnitude of intestinal invasion and
virulence has been previously reported in pigs; serovars Dublin
and Choleraesuis were recovered in comparable numbers from
ileal loops (5) despite the inability of serovar Dublin to cause
disease in pigs (36). In contrast, Pascopella et al. (25) reported
a correlation between the inability of serovar Gallinarum to
invade murine intestines and its avirulence in mice. Taken
together, these results suggest that invasion of the intestinal
mucosa is necessary for host-restricted serovars to access sys-
temic sites, but this phenotype alone does not determine Sal-
monella serovar host specificity.
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FIG. 7. Cross sections of intestinal mucosa from ovine ileal loops stained with hematoxylin and eosin and incubated for 3 h with Salmonella
serovars. (A) Untreated control; intestinal mucosa infected with (B) serovars Abortusovis (strain SS44), (C) Dublin (strain SD2229), (D)
Gallinarum (strain G9), (E) Typhimurium strain 4/74, and (F) Typhimurium strain 4/74 InvH. A minimum of 10 sections were examined for each
loop infected (n = 6) with each Salmonella strain. Representative sections are shown. Magnification, X400.

Serovar Abortusovis did not induce mucosal damage or in-
flammation in ovine ligated ileal loops, despite its virulence in
sheep. This is analogous to the pathogenesis of the host-re-
stricted serovars Gallinarum and Pullorum in chickens, in
which systemic spread occurs rapidly and with relatively little
intestinal inflammation (13, 27). The low level of intestinal
inflammation in infected chickens has been correlated to a low
induction of proinflammatory cytokines in enterocytes infected
with serovar Gallinarum (17). A similar result was obtained in

an in vitro human cell assay, in which serovar Typhi induced a
relatively low migration of polymorphonuclear cells across an
epithelial monolayer when compared to Salmonella serovars
associated with enteritis in humans (23). An acute intestinal
inflammatory response may act to contain an intestinal infec-
tion. Therefore, avoidance of the induction of an intestinal
inflammatory response may facilitate the systemic spread of
highly host-restricted serovars like Abortusovis. However, this
property is unlikely to be the sole factor determining host
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specificity, since serovar Gallinarum invades ovine intestines
and induces a similarly small inflammatory response but is
avirulent in sheep.

Serovar Dublin was recovered in comparable numbers and
induced changes to the intestinal mucosa similar to those in-
duced by serovar Typhimurium in ovine ligated ileal loops.
This similarity between serovars Dublin and Typhimurium has
also been reported in bovine and porcine ligated ileal loops (6,
35), and both serovars induce a large influx of fluid and in-
flammatory cells into bovine ligated ileal loops (35). The in-
duction of an inflammatory response and mucosal damage by
serovars Dublin and Typhimurium may be due to a mechanism
that is absent in serovar Abortusovis. SPI-1 is a major virulence
locus that influences intestinal invasion and enteropathogen-
esis of serovars Typhimurium and Dublin (10, 35). This locus is
conserved in many different Salmonella serovars (7), but its
function in the different serovars has received little study. Re-
cent data suggest that SPI-1 is not an important virulence
factor in serovar Gallinarum, since mutation of spa$ does not
affect the virulence of this serotype in chickens following oral
challenge (P. A. Barrow, P. Wigley, and M. Jones, personal
communication). We have shown that SPI-1 is functional in
serovar Abortusovis and influences intestinal invasion in ovine
ligated ileal loops. Expression by serovar Abortusovis of se-
creted effectors that influence enteropathogenesis, such as
SopD and SopB (32), warrants further investigation. The mu-
cosal damage induced in ovine ileal loops by serovar Typhi-
murium is impaired by disruption of the inv-spa-encoded type
III protein secretion system encoded by SPI-1.

The evolution of host-specific Salmonella serovars is consid-
ered to be associated with an increase in pathogenicity for the
specific host (4). This hypothesis is based on the fact that
broad-range serovars (i.e., serovars Typhimurium and Enteri-
tidis) are generally associated with severe disease only in young
animals, whereas host-restricted serovars cause high mortality
in both young and adult hosts. In this respect, the specificity of
serovar Abortusovis to sheep appears to be different. Serovar
Abortusovis shows low virulence in adult sheep, a fact that
becomes particularly evident during abortion. When serovar
Abortusovis reaches high counts in the fetal organs, infection
of the maternal tissues is limited, and the ewe appears healthy
(G.S. Leori et al., unpublished data) (14). It therefore appears
that the specificity of serovar Abortusovis to sheep is associ-
ated with evolution toward reduced virulence in adult sheep
but with the retention of virulence for fetal and newborn
lambs. These observations are consistent with a strategy of
“stealth” to facilitate bacterial dissemination into the environ-
ment and infection of other hosts. The broad-host-range en-
teropathogenic serovars such as Typhimurium elicit acute di-
arrheal disease through the acquisition of SPI-1 and associated
secreted effector proteins (32). Diarrheal disease results in the
prolonged shedding of large numbers of Salmonella cells into
the environment. Here we have shown that serovar Abortuso-
vis invades the intestinal mucosa in a SPI-1-dependent mech-
anism but in relatively low numbers and that it fails to elicit
enteritis. Yet via infection of unborn lambs, this serovar is able
to disseminate into the environment in high numbers. The
molecular genetic characterization of these apparently diver-
gent evolutionary mechanisms still awaits clarification.
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